Bacterioplankton communities play a key role in aquatic carbon cycling, specifically with respect to the magnitude of organic carbon processed and partitioning of this carbon into biomass and respiratory losses. Studies of bacterioplankton carbon demand (BCD) and growth efficiency (BGE) frequently report higher values in more productive systems, suggesting these aspects of carbon metabolism may be positively coupled. However, the existence of such a relationship in natural aquatic systems has yet to be identified. Using a comprehensive 2-year study of bacterioplankton carbon metabolism in a temperate estuary, we investigated BCD and BGE and explored factors that may modulate their magnitude and coherence, including nutrient concentrations, dissolved nutrient uptake and source and quality of dissolved organic carbon (DOC). During the course of our study, BCD ranged from 0.4 to 15.9 lg l À1 h -1
Introduction
Bacterioplankton carbon demand (BCD) and growth efficiency (BGE) describe two fundamental aspects of carbon cycling in aquatic systems-the magnitude of organic carbon consumed by bacterioplankton communities and the extent to which this organic matter is partitioned into biomass and respiratory losses. The majority of studies investigating bacterioplankton carbon metabolism in natural waters have focused on measurements of growth and production, providing valuable information regarding the regulation of these communities by environmental factors (Coveney and Wetzel, 1992; Felip et al., 1996) , their role in carbon and nutrient cycling (Ducklow et al., 1986; Sherr et al., 1988; Hoch and Kirchman, 1995) and their response to system-level nutrient enrichment (Revilla et al., 2000; Apple et al., 2004) . However, the range and variability of BGE in natural waters (del Giorgio and Cole, 1998) indicates that bacterial production (BP) and respiration (BR) are not always tightly coupled. This leaves in question the extent to which welldescribed patterns in bacterioplankton growth and production reflect those of bacterioplankton respiration, carbon demand and growth efficiency.
Bacterial growth, BP and BR are typically higher in more productive or nutrient-rich systems (Bjørnsen et al., 1989; Pace and Cole, 2000; Paerl et al., 2003; Apple et al., 2004) . This would suggest that over broad environmental gradients (that is, oligotrophic open oceans to productive coastal and estuarine systems), BCD must also tend to increase, as observed patterns in BP and bacterial growth (Cole et al., 1988) cannot be driven by changes in BGE alone. Similarly, comparative studies have shown that BGE tends to increase along these same gradients (del Giorgio and Cole, 1998) . Thus, the existing information would suggest that over broad gradients of ecosystem productivity, BCD and BGE would tend to covary positively, such that systems with high BCD would also tend to have relatively high BGE. However, it has yet to be determined if this pattern actually exists in natural systems and if so, what the basis is for this covariation. Such a pattern could result from a strong physiological link between BCD and BGE, or alternatively each of these two measures of carbon metabolism could be regulated by different environmental factors that in turn covary with some aspect of system productivity. Establishing the nature of these links is critical to our understanding of the regulation of bacterial carbon metabolism in aquatic ecosystems.
Our study investigates the coherence of BCD and BGE along environmental gradients within a temperate estuarine ecosystem and explores environmental factors shaping this relationship. We hypothesize that BCD and BGE are positively correlated and examine the influence of the lability dissolved organic carbon (DOC) and dissolved nutrient uptake on this relationship. Our results suggest that carbon demand and growth efficiency are indeed positively coupled, once the effect of temperature is removed, and that inorganic nutrients do not seem to play a major role in regulating either of these processes or their coherence. We conclude that variations in the lability of the DOC pool and in the quality organic substrates have a strong influence on the consumption of carbon by bacterioplankton and its partitioning between BR and BP.
Materials and methods

Sample collection
Our study was conducted in the Monie Bay component of Maryland's National Estuarine Research Reserve System, a temperate salt-marsh system located on the eastern shore of Chesapeake Bay (38113.50 0 N, 75150.00 0 W) and consisting of an open bay and three tidally influenced creeks varying in size, agricultural land use, dissolved nutrient concentrations and source and concentration of DOC. Monie Creek (MC) and Little Monie Creek (LMC) are the largest of the three creeks and characterized by steep gradients in dissolved nutrient concentrations attributed to agricultural land use, while Little Creek (LC) is a relatively pristine system with an undeveloped watershed consisting primarily of marsh and forest (Apple et al., 2004) .
The source and concentration of DOC also differs dramatically among these creek systems, with higher concentrations of terrestrial DOC recorded in MC (Apple et al., 2004) . Each of these creeks feed into and interacts tidally with the relatively shallow (o2 m) and moderately sized (B5 km 2 ) Monie Bay (hereafter Open Bay, OB), which is a tributary of Tangier Sound and ultimately Chesapeake Bay. Details regarding sample collection, laboratory analyses and the utility of this system for investigating the relationship between environmental parameters and bacterioplankton community metabolism are mentioned in other studies by our group (Apple et al., 2004 (Apple et al., , 2006 .
Each of 10 stations within the OB system was visited monthly between March 2000 and January 2002, with biweekly sampling during summer months (June-August). More extensive transects encompassing four additional upstream sites in MC and LMC were conducted periodically throughout the sampling period. Stations were accessed via a small boat and water-column physiochemical properties were recorded. Approximately 20 l of near-surface (o0.5 m) water was collected from each site immediately following high tide and transported in HDPE Nalgene carboys back to the laboratory for filtration and subsampling for BP, respiration, growth efficiency, dissolved nutrient concentrations and the concentration and optical characteristics of DOC. Elapsed time from sampling to filtration rarely exceeded 2 h.
Water column analyses
Approximately 1 l of GF/F-filtered sample water from each station was used to determine DOC and dissolved nutrient concentrations. Subsamples for DOC were acidified with 100 ml of 1 N phosphoric acid and held at 4 1C until analysis. DOC content was determined with a Shimadzu high-temperature catalyst carbon analyzer (Sharp et al., 1995) . Nutrient samples were stored at À25 1C until analyzed for phosphate (that is, PO 4 3À , soluble reactive phosphorus), nitrite and nitrate (NO x ), total dissolved nitrogen (TDN), total dissolved phosphorus (TDP) and ammonium (NH 4 þ ) following standard methods (Strickland and Parsons, 1972; Valderrama, 1981; Whitledge et al., 1981) . Photospectral absorbance of colored dissolved organic matter (CDOM) was determined on GF/F-filtered samples by performing absorbance scans (290-700 nm) using a Hitachi U-3110 spectrophotometer and either 1 or 5 cm quartz cuvettes, depending upon the relative concentration of CDOM. Absorptivity at 350 nm (a 350 ) was used as an index of CDOM concentrations (Moran et al., 2000) . Specific absorbance (a 350 *) was determined by dividing a 350 by ambient DOC concentrations (Moran et al., 2000; Hu et al., 2002) . Chlorophyll a was determined with standard methods using a Turner 10-AU fluorometer (Strickland and Parsons, 1972) .
Bacterioplankton carbon metabolism and nutrient uptake Upon return to the lab, a small unfiltered subsample was removed from each carboy for determining total BP. Estimates of filtered BP and BR were determined by gently passing several liters of sample water through an AP15 Millipore filter (B1 mm) using a peristaltic pump and incubating in the dark at in situ field temperature. Water samples were contained in a flow-through incubation assembly consisting of two 4 l Erlenmyer flasks and subsampled at 0, 3 and 6 h (del Giorgio and Bouvier, 2002) . In addition, changes in dissolved nutrient concentrations for all analytes were measured in a subset of these incubations (n ¼ 93) by calculating the difference in dissolved nutrient concentrations between 0 and 18 h and reported in mM per hour. Uptake (or production) rates were used to calculate uptake stoichiometry and the relative contribution of nitrogen and phosphorus derived from inorganic and organic sources.
Bacterial production for whole-water and filtered samples was estimated using incorporation of 3 Hleucine following modifications the centrifugation method of Smith and Azam (1992) . A carbon conversion factor (CCF) of 3.1 kg C mol per leucine (Kirchman, 1993) was used for all samples, as empirical estimates of CCFs among the creeks and OB were similar and did not exhibit any bias among subsystems (data not shown). Leucine uptake was measured in triplicate on each unfiltered water sample to estimate total bacterioplankton community production. Triplicate measurements of leucine uptake were also performed on the filtered fraction during incubations at each of the 0, 3 and 6 h time points. These individual measurements were averaged to obtain a mean rate of bacterial leucine uptake for the incubation period (del Giorgio and Bouvier, 2002) . Estimates of BP based on changes in particulate organic carbon (POC) during 16 h incubations were also determined on a subset of incubations from OB (n ¼ 8) and samples collected at 22 additional sites in other marsh-dominated estuaries using a Control Equipment CHN analyzer.
Bacterial respiration was determined by measuring the decline of oxygen concentration over the course of the 6 h incubation, with longer incubations (8 h) used at lower ambient water temperatures (o15 1C). Dissolved oxygen concentrations were measured using membrane-inlet mass spectrometry (Kana et al., 1994) . A respiratory quotient of 1.0 was used to convert oxygen measurements to carbon values. Rates of BP and BR were reported as mg l À1 h -1 . BCD was calculated by adding simultaneous measurements of filtered BP and BR, and BGE was calculated as the ratio of filtered BP and BCD (BGE ¼ BP/(BP þ BR)).
DOC lability
Lability of DOC in each system was characterized using a subset of the samples (n ¼ 14). Approximately 1 l of sample water was passed through 0.2 mm Sterivex filters into duplicate 500 ml borosilicate glass flasks. Each was inoculated with 10 ml of AP15-filtered sample water and incubated in the dark at room temperature for 24 days. DOC concentrations were measured in each flask every few days and consumption of DOC was determined using the slope of DOC concentrations vs time (that is, mg C per liter per day). Percent labile DOC was determined by comparing the DOC consumed to the total DOC pool (that is, DOC consumed/initial (DOC)).
Results
Bacterioplankton carbon metabolism
Bacterial respiration and production varied greatly, ranging from 0.1 to 13.5 and 0.1 to 5.8 mg C per liter per hour, respectively (Table 1) , with a relatively weak but significant positive relationship between log-transformed values (Figure 1 ; r 2 ¼ 0.17, n ¼ 138, Po0.0001). The 2-year mean for BR (3.770.2 mg C per liter per hour, n ¼ 139) was higher than that of both total and filtered BP (Table 1) . Mean total BP (1.870.1 mg C per liter per hour, n ¼ 138) was always higher than that of the filtered fraction (1.070.1 mg C per liter per hour, n ¼ 139), although the range of these two measures of production was similar (0.2-6.8 vs 0.1-5.8 mg C per liter per hour). On average, BP attributed to the filtered fraction accounted for 63% of total BP and ranged from 47 to 90%. The 2-year mean for bacterial carbon demand (BCD) was 3.7570.2 mg l À1 h -1 (n ¼ 139) and ranged from 0.4 to 15.9 mg l À1 h -1
, while the overall mean BGE for the entire system was 0.3270.02 (n ¼ 139) and ranged from 0.06 to 0.68. (Table 2 ). This rank order among subsystem was observed for 2-year means as well as at each individual sampling event. Bacterial carbon demand and both filtered and total BP were significantly higher in LMC than the other three subsystems. As observed with BCD, there was a distinct pattern in BGE among the subsystems, with highest BGE recorded in LMC and lowest in OB. Two-year mean BGE in each of the three tidal creeks was significantly higher than that of OB (Tukey-Kramer honestly significant difference (HSD), P ¼ 0.09) and highest in LMC and LC. We also observed differences in lability among the four subsystems, as evidenced by consumption of DOC in long-term incubations ( Figure 2 ). Decreases in DOC during incubations were highly significant (Po0.0001), similar between replicates and relatively strong (Table 3) . Both lability and percent labile were highest in LMC, while percent labile DOC in MC was lower than all other systems despite this system having the highest concentrations of DOC. Mean lability was lowest in OB and intermediate and statistically similar in LC and MC.
Bacterioplankton carbon demand was correlated with ambient DOC concentrations ( Means were compared among subsystem and season using Tukey-Kramer HSD (a ¼ 0.05, q* ¼ 2.6). Means sharing the same letter are statistically similar (Po0.0001).
-2 Relationship between carbon demand and growth efficiency. We observed a significant but relatively weak (r 2 ¼ 0.20) negative relationship between BGE and BCD when the entire data set was considered, although the strength of this relationship improved when the four subsystems were considered individually (Figure 4a ). Stronger relationships were observed for data from LC (r 2 ¼ 0.50, n ¼ 25, Po0.0001; regression not shown) and OB (r 2 ¼ 0.38, n ¼ 27, P ¼ 0.0006; lower hatched line) when compared to the nutrient-enriched LMC (r 2 ¼ 0.21, n ¼ 40, P ¼ 0.003; upper hatched line) and MC (r 2 ¼ 0.18, n ¼ 47, P ¼ 0.003; regression not shown). Consistent with the rank order observed among the subsystems, highest and lowest y intercepts were observed for regression of data from LMC and OB, respectively, and these were statistically different (analysis of covariance, r 2 ¼ 0.30, n ¼ 147, F ¼ 15.5, Po0.0001). Regressions of data from LC and MC (not shown) had y intercepts that were intermediate relative to those of OB and LMC and statistically similar to that of the entire data set (solid line). Two estimates of BGE from the upper reaches of LMC measured in April 2000 and 2001 during annual maxima of agricultural nutrient inputs (Apple et al., 2004) were omitted from analyses.
A recent study of bacterioplankton carbon metabolism in this system suggests that temperature may influence BCD and BGE differently, with higher BCD and lower BGE at higher ambient water temperatures (Apple et al., 2006) . In an effort to remove the potentially confounding effect of temperature on this relationship, we used residuals from the temperature dependence of BCD and BGE reported by Apple et al. (2006) rather than absolute values (Figure 4b ). Initial comparison of these data not only eliminated the negative correlation between BCD and BGE, but also suggested that there is no relationship whatsoever between these measures of carbon metabolism. However, patterns in the distribution of data with respect to subsystem were apparent, with data from OB located predominantly in the lower left quadrant, LMC in the upper right quadrant and MC and LC dispersed uniformly around the central axes. A more distinct pattern emerged when mean residuals from each subsystem were regressed, revealing a positive correlation of BGE and BCD (Figure 5a ) that followed the rank order previously observed among subsystems and that was also correlated with DOC lability (Figure 5b ).
Ambient nutrient and DOC characteristics
Dissolved organic carbon, absorbance of DOC at 350 nm and specific absorbance exhibited a similar rank order in magnitude among the four subsystems (Table 3) . Highest DOC concentrations were observed in MC (12.5 mg l À1 ), intermediate in LMC (9.6 mg l À1 ) and lowest in LC and OB (7.7 and 6.0 mg l À1 , respectively). Both absorbance and spe- cific absorbance were highest in MC (0.23 and 0.020, respectively) and lowest in OB (0.07 and 0.012, respectively). Although absorbance of DOC was significantly different in LC and LMC, specific absorbance in LC was similar to that of both LMC and OB (Tukey-Kramer HSD, n ¼ 119, a ¼ 0.05, Po0.0001). Dissolved nutrient stoichiometry also differed among the subsystems. LC had the highest C:N and N:P ratios of all systems (Tukey-Kramer HSD, n ¼ 183, a ¼ 0.05, Po0.0001). C:N ratios were similar among the other subsystems and N:P ratios were similar and significantly lower in the two agriculturally developed creeks (Tukey-Kramer HSD, n ¼ 183, a ¼ 0.05, Po0.0001). Mean chlorophyll a concentrations among the subsystems ranged from 7.4 to 15.7 mg l À1 and were highest in OB, lowest in LC and statistically similar among the three tidal creeks.
Nutrient uptake and carbon metabolism Changes in dissolved nutrient concentrations during respiration incubations were highly variable and statistically significant relative to the error associated with the measurement of each analyte (Strickland and Parsons, 1972; Valderrama, 1981; Whitledge et al., 1981) . Consumption of NO x and dissolved organic nitrogen (DON) was observed in almost all incubations (90 out of 93), with mean uptake of À0.0770.01 mM h -1 and À0.3770.05 mM h -1
for NO x and DON and maximum uptake À0.47 and À1.5 mM h -1 , respectively. In contrast, we observed both uptake and production of NH 4 þ , with a maximum uptake of À0.26 mM h -1 and maximum production of 0.18 mM h -1 . The overall mean of À0.00170.005 mM h -1 and the similarity in the number of incubations in which uptake of NH 4 þ vs production was observed (that is, 52 vs 40) suggest a general balance between uptake and production of NH 4
þ . This parity was observed in all subsystems but LC, where the majority of incubations (that is, 13 out of 18) exhibited net uptake of NH 4 þ . Changes in phosphorus concentrations during incubations were variable, ranging from À0.076 to 0.083 mM h -1 for TDP and À0.028 to 0.029 mM h -1 for PO 4 3À . There was an overall balance between uptake and remineralization of all forms of dissolved phosphorus, although phosphate consumption was observed in the majority (66%) of the incubations.
Ambient nutrient concentrations, nutrient uptake stoichiometry and BGE were combined to explore the effect of interactions between nutrients and DOC on growth efficiencies (Figure 6 ). There was no relationship between BGE and ambient nutrient stoichiometry (ambient DOC:DON; Figure 6a ), uptake ratios of total carbon and nitrogen (BCD:TDN uptake; Figure 6b ) and estimates of the C:N ratio of organic matter substrates consumed by bacterioplankton (BCD:DON uptake; Figure 6c ) when the composite data set was considered. We also observed no correlation between BGE and the proportion of N or P that was derived from organic vs inorganic sources (Figure 7) . The relative contribution of inorganic nitrogen and phosphorus to total nutrient uptake differed significantly among systems, as evidenced by dissolved inorganic nitrogen (DIN):TDN and PO 4 :TDP uptake ratios (Table 4 ). In general, most of the N consumed by bacterioplankton in all subsystems appeared to be derived from DON, although the contribution of inorganic nitrogen uptake to total nitrogen uptake was significantly higher in OB than the three tidal creeks (Table 4) . Phosphorus uptake exhibited a similar pattern among subsystems. Uptake in LC and LMC was generally balanced between organic and inorganic sources, although P uptake in MC was dominated by organic sources and that in OB was almost exclusively phosphate.
Discussion
Coherence of carbon demand, growth efficiency and DOC lability A major objective of our study was to investigate the coherence of BGE and carbon demand and identify factors that influence their coupling. Initial analyses revealed a weak but significant negative relationship between BCD and BGE that was unexpected (Figure 4a ), as we had anticipated a positive coupling of these two measures of carbon metabolism driven by higher growth efficiencies and elevated rates of carbon demand typically associated with more productive systems and/or metabolically active bacterioplankton communities (Bjørnsen et al., 1989; del Giorgio and Cole, 1998; Pace and Cole, 2000) . However, the positive rank order among y intercepts-with highest BGE per unit BCD in agriculturally impacted LMC and lowest in OBsuggests an underlying positive relation of BCD and BGE that may reflect differences in resource supply among the subsystems of OB. Indeed, when we removed the effect of temperature on bacterioplankton carbon metabolism documented previously in this system by regressing mean residuals of the temperature dependence of BCD and BGE (Apple et al., 2006) , we observed a positive relation of BCD and BGE and a rank order among subsystems (Figure 5a ) that was also observed 2-year means (Table 2 ) and y intercepts of the BCD vs BGE relationship (Figure 4a ).
The positive relationship between BCD and BGE observed in these regressions could result from either strong physiological link between carbon demand and growth efficiency-and thus common regulation of the two by a single environmental factor-or simply that these two aspects of carbon metabolism covary with different ecosystem properties that may all be linked to system productivity. In the sections below we discuss the potential role of Figure 7 Relationship between bacterial growth efficiency (BGE) and the relative contributions of (a) dissolved inorganic nitrogen (DIN) to total dissolved nitrogen (TDN) uptake (n ¼ 35) and (b) dissolved phosphate (PO 4 ) to total dissolved phosphorus (TDP) uptake (n ¼ 37). Uptake ratios were derived from molar rates (mM per hour). organic matter quality in shaping bacterial carbon metabolism in this estuarine system, including absorbance, specific absorbance, lability, uptake stoichiometry, and both concentration and stoichiometry of the dissolved nutrient pool.
Comparisons among creeks reveal influence of DOC quality on BCD and BGE Consistent rank order in the magnitude of both BCD and BGE among subsystems would suggest that the factor or factors responsible for driving BCD and BGE must also vary among the four subsystems in a systematic manner that influences patterns in carbon metabolism. Increases in bacterioplankton carbon metabolism have been frequently associated with increases in ambient nutrient concentrations (Carlson and Ducklow, 1996) and there is little doubt that inputs of dissolved nutrients contribute to the overall productivity of OB and other similar estuarine ecosystems. Higher BCD, DOC and dissolved nutrient concentrations in enriched LMC relative to un-enriched LC (Table 3 ; Apple et al., 2004) would suggest that bacterial carbon metabolism could be driven by either DOC supply, nutrient concentrations or the combined effect of both. However, relatively low BCD in nutrient-enriched MC indicates that nutrient concentrations alone are not responsible for driving increases in BCD. Indeed, we observed a significant positive relationship between ambient DOC concentrations and BCD (Figure 3) suggesting that the rate of supply of organic matter also plays a role in regulating carbon metabolism, even in this extremely carbon-rich system. However, this relationship shows a large range in bacterial carbon metabolism for any given DOC concentration, suggesting further that differences in the degradability and perhaps quality of DOC-rather than rate of supply or ambient DOC concentrations alone-play a major role in shaping bacterial carbon metabolism. In this regard, long-term DOC lability was positively correlated with both mean residual BGE (Figure 5b ) and BCD (r ¼ 0.95, Po0.0001; comparison not shown), suggesting a link between both expressions of carbon metabolism and qualitative aspects of the DOC pool. However, the positive relationship between short-term metabolic rates and long-term DOC consumption should not be interpreted as direct and causal, as these approaches target quite different components of the DOC pool. Short-term metabolic rates are fueled primarily by a highly labile and ephemeral component of the DOC pool that has a relatively short (that is, minutes to hours) turnover time (Connolly and Coffin, 1995; Søndergaard and Middelboe, 1995) . This DOC does not tend to accumulate in the bulk DOC pool and thus is not reflected in ambient DOC concentrations. In contrast, long-term bioassays follow the consumption of a semi-labile DOC pool that remains after the highly labile pool has been consumed (Connolly and Coffin, 1995; del Giorgio and Davis, 2003) . In this regard, characteristics of the DOC pool exhibiting intermediate lability (that is, days to weeks) should not in principle help explain in situ rates of short-term bacterial carbon metabolism. Indeed, previous studies in the Hudson River have shown that these two DOC pools do not covary (del Giorgio and Pace, in press). Moreover, higher measures of DOC lability in long-term incubations are not necessarily indicative of higher quality carbon, as there are compounds that may be highly labile but energy poor, while others may be less labile but more energetically or nutritionally advantageous for bacterial growth. For example, carbonrich terrestrial detritus and algal exudates differ substantially in their degradability, yet subsidy of bacterioplankton growth by either would most likely yield relatively low BGE. In contrast, nitrogen-rich substrates such as dissolved free amino acids would yield higher values for both lability and BGE. Despite these considerations, the fact that shortterm carbon consumption and BGE are both related to long-term DOC lability would suggest that in OB, there is a connection between biologically relevant properties of the highly labile and semi-labile pools and that the systematic differences in long-term DOC lability that we detected among subsystems do reflect basic differences in the average energetic and structural characteristics of the available carbonincluding that which turns over rapidly. In turn, these systematic qualitative differences can be traced to differences in the major sources of organic matter in each of the subsystems that comprise the OB system.
The fact that variations in the nature of the DOC pool in OB play a major role in regulating bacterial carbon metabolism is further evidenced by the contrasting patterns of in situ metabolism in the different subsystems. Evidence that the bioreactivity and quality of organic matter in MC are lower is provided by consistently lower measures of carbon metabolism (that is, BP, BR, BGE and BCD) in MC relative to that of LMC despite higher DOC concentrations and similar degree of nutrient enrichment. Indeed, MC exhibited the highest CDOM and lowest percentage of labile DOC, indicating the presence of high-molecular weight terrestrial organic matter (McKnight et al., 2001) , which may be more resistant to microbial degradation in estuaries (Søndergaard et al., 2003; Boyd and Osburn, 2004) . Although ambient DOC concentrations in MC were twice that of un-enriched LC, BCD and lability between the two creeks were strikingly similar, further supporting the role of lower quality organic matter in regulating the magnitude of carbon metabolism. Further, data collected in MC during April of 2000 and 2001 (Figure 3 , open circles) when loading of terrestrial DOC to this system was highest (Apple et al., 2004) provide an example of what happens in the presence of elevated inputs of terrestrially derived organic matter. The general deviation of data from MC with respect to patterns in BCD and BGE relationships suggests DOC of a much lower bioreactivity and lower overall nutritional quality. In contrast, large anthropogenic nutrient inputs to LMC fuel a highly productive marsh macrophyte community that yields plant biomass and ultimately detrital organic matter with relatively high nitrogen and phosphorus content (Jones et al., 1997), which is of higher quality and more readily degraded by bacterioplankton (Bano et al., 1997; Reitner et al., 1999) . Elevated rates of BCD in this subsystem are probably a response to an increase in both carbon supply and the presence of organic matter that is both more labile and of higher quality.
Comparisons among creeks provided further evidence that qualitative aspect of organic matter was also important in determining patterns of BGE among subsystems. Despite significant differences in ambient nutrient and dissolved carbon concentrations between LMC and LC (Table 3 ; Apple et al., 2004) , BGE was almost identical (0.34 and 0.35, respectively; Student's t-test; t calc ¼ 2.7, d.f. ¼ 68, Po0.005) and higher than that of the other subsystems (Table 2 ). Both LMC and LC are characterized by extensive Spartina alterniflora marshes and lower inputs of terrestrial organic matter (Jones et al., 1997; Apple et al., 2004) , suggesting that organic substrates available for utilization by bacterioplankton in these two creeks are similar and possibly of higher energetic or nutritional quality, being derived predominantly from marsh production and thus capable of supporting higher rates of bacterioplankton production and growth efficiencies than in systems dominated by terrestrially derived organic matter (Bano et al., 1997; Reitner et al., 1999) . The fact that average BGE was lower in terrestrially influenced MC (0.29) where the highest nutrient and DOC concentrations were recorded (Apple et al., 2004) further supports the importance of organic matter quality rather than dissolved nutrients in dictating the magnitude of BGE. These patterns in bacterial carbon consumption and processing among the tidal creeks indicate that in turbid, eutrophic, carbon-rich marshes and estuaries such as OB, organic matter quality may have a more important and direct effect on the regulation of carbon metabolism. These observations are consistent with previous studies suggesting that the quality and composition of organic matter may be more important than nutrients alone in regulating growth efficiency (Kroer, 1993; Middelboe and Søndergaard, 1993; Pradeep Ram et al., 2003) , a conclusion which may be particularly applicable to eutrophic, carbon-rich estuaries such as OB.
Nutrient content of organic matter, nutrient uptake dynamics and bacterial growth efficiency Thus far our discussion has addressed degradability (that is, lability) and optical properties of DOC as proxies for organic matter quality (Søndergaard et al., 2003; Boyd and Osburn, 2004) . Another key aspect influencing the consumption, processing and fate of organic matter is nutrient content and elemental stoichiometry, as well as the availability of dissolved inorganic nutrients (Kirchman, 2000) . Most studies investigating the influence of dissolved organic matter (DOM) stoichiometry on bacterial carbon metabolism have focused on relative concentrations of carbon and nitrogen in the ambient waters (for example, DOC:DON or total C:N), relating this to the stoichiometric demands of bacterioplankton growth (Goldman et al., 1987; Vallino et al., 1996; Sun et al., 1997; Touratier et al., 1999; Kirchman, 2000) . However, our analyses provided no evidence that ambient dissolved nutrient stoichiometry influences BGE (Figure 6a ). This lack of relationship between BGE and ambient DOC:DON or DOC:DOP ratios is not surprising, as these ratios represent DOC and nutrients to which bacterioplankton are potentially exposed rather than that which they actually consume. Indeed, it is the molar ratio of carbon consumption and nutrient uptake (that is, BCD:DTDN and BCD: DDON) that provides a more relevant proxy for investigating the relationship between organic matter quality and BGE, as it offers a more accurate approximation of the C:N ratio of organic matter that is actually consumed by bacterioplankton. However, we found no link between BGE and the carbon and nutrient uptake stoichiometry, neither for total nitrogen (BCD: DTDN) nor for organic nitrogen (BCD: DDON) uptake (Figures 6b  and c) . This leads to the conclusion that DOM nutrient stoichiometry is not the main factor regulating BGE in these tidal creeks, marshes and surrounding estuarine waters.
Bacteria can meet their stoichiometric requirements by the uptake of both organic and inorganic forms of nitrogen and phosphorus. For example, DOM that is depleted in N or P relative to the demands of bacterioplankton growth may require the expenditure of additional energy for uptake and assimilation of inorganic nutrients, ultimately resulting in lower growth yield and BGE (Kirchman, 2000) . We explored the extent to which uptake of organic nutrients may have been supplemented by active uptake of dissolved inorganic nutrients. Using direct measurements of the uptake of dissolved inorganic nutrients (that is, DIN and PO 4 3À ) relative to total uptake (that is, TDN and TDP), we estimated the proportion of N and P derived from inorganic sources and explored the relationship between these values and BGE (Figure 7) . We hypothesized that lower growth efficiencies would be associated with higher DIN:TDN and PO 4 :TDP uptake ratios, as these represent circumstances where most nutrient acquisition is derived from active uptake of the inorganic fraction. The patterns in Figure 7 support the first part of this hypothesis, with lower BGE generally encountered when a greater proportion of nutrient uptake was from the inorganic fraction (that is, higher uptake ratios). However, conditions under which nutrients were derived predominantly from DOM (that is, lower uptake ratios) did not necessarily result in consistently higher BGE, and although relatively high growth efficiencies were observed at low nitrogen and phosphorus uptake ratios, there was considerable variability (o0.1 to 40.6).
Lower values of BGE when nutrients are derived predominantly from organic sources suggest utilization of DOM of a more refractory nature that, despite adequate nutrient content, involves a higher metabolic cost for degradation, consumption and incorporation into biomass (Linton and Stevenson, 1978) . Comparison of N and P uptake ratios among subsystems (Table 4) provides evidence of the combined effects of these different aspects of DOM quality (that is, energetic quality vs nutrient content) on BGE. Despite elevated nutrient concentrations and evidence of nutrient-rich DOM in MC (that is, low inorganic to total nutrient uptake ratios), BGE in this system was characteristically low. As discussed previously, this would point to the consumption of more recalcitrant substrate of lower energetic or nutritional value, the effect of which is significant enough to override the potential positive effect of elevated N and P on BGE. Further evidence of the interaction of substrate quality and nutrient content was observed in a comparison of LMC and LC, where bacterioplankton appeared to derive a greater proportion of N and P from inorganic sources than those in MC. Yet BGE in these systems is consistently higher than that in MC, and we hypothesize that this is a direct effect of differences in DOC composition in these two tidal creeks. Although they differ markedly with respect to ambient nutrient concentrations, nutrient uptake ratios in LMC and LC are almost identical, probably reflecting a similarity in DOM source (that is, Spartina) that also entails similarity in chemical, nutrient and energy characteristics.
It is important to note that the lack of relationship between nutrient uptake and BGE observed in our study may be attributed in part to discrepancies between measured and actual nutrient uptake. For example, based on theoretical stoichiometric demands of bacterioplankton growth (Goldman et al., 1987; Fukuda et al., 1998) , we often measured rates of nitrogen uptake in excess of the nitrogen demand expected given observed changes in bacterial cell abundance and estimates of leucine production, resulting in C:N uptake ratios that were below those of bacterial biomass or known species of organic molecules (Figures 6b and c) and that could not be accounted for by NH 4 þ production. Assimilation of nitrogen in excess of bacterial growth demands is not uncommon, yet the underlying mechanisms are not well understood (Kirchman, 2000) . Others have suggested unmeasured excretion of different forms of DON may explain the discrepancy between nitrogen uptake and nitrogen demand (Berman et al., 1999; Jørgensen et al., 1999; Kirchman et al., 2001) . Differences in the length of incubation used to derive bacterial carbon metabolism (B6 h) and nutrient consumption (o18 h) may lead to a temporal uncoupling between consumption and respiration of organic matter and assimilation of DON and other nutrient forms for growth, resulting in unrealistically low C:N uptake ratios. This might also occur if the rate of dissolved nutrient uptake during the later part of 18 h incubations was higher than during the initial 6 h when BCD was measured. Regardless of the mechanism driving the low C:N ratios observed in our study, it is clear that nutrient uptake by bacterioplankton, its relation to BCD and role in regulating BGE is poorly understood and needs to be explored in greater detail.
It has been reported that differences in leucinebased estimates of BP may be driven in part by variation in the in the efficiency with which leucine is converted into bacterial biomass and that the use of a constant leucine-to-CCF may inaccurately represent in situ rates of BP and BGE (Kirchman, 1993; Buesing and Marxsen, 2005; Alonso-Sáez et al., 2007) . Although the influence of variability in CCF may be most pronounced in oligotrophic waters (Alonso-Sáez et al., 2007) , this phenomenon may be applicable to any range of systems differing in productivity or degree of resource enrichment. We recognize that patterns in BGE among the subsystems of OB may reflect systematic variability in CCFs and therefore investigated the relationship between leucine incorporation and POC production. We observed a strong, highly significant positive relationship between estimates of BP derived from changes in POC and those derived from applying a constant CCF to rates of leucine incorporation (Figure 8 ), indicating that the use of a constant CCF (that is, 3.1 kg C mol per leucine; Kirchman, 1993) may be appropriate for estimating BP in OB and other marsh-dominated estuaries. Given the apparent accuracy of our estimates of BP and the independence of BR and BCD from variation in CCF (Alonso-Sáez et al., 2007), we conclude that if systematic differences in CCF exist among the subsystems of OB, their influence is minimal and will not likely change the patterns in carbon metabolism reported in our study.
Concluding remarks
The environmental factors underlying patterns in bacterial carbon metabolism in coastal, estuarine and tidal marsh systems (for example, Revilla et al., 2000; Smith and Kemp, 2003; Apple et al., 2004) have been traditionally difficult to identify and isolate, in part because key factors such as nutrient availability, organic carbon quality and supply, and salinity tend to covary (Fisher et al., 1988) . The OB system, with its combination of open estuarine waters, tidal marshes and creeks with various degrees of freshwater influence provides a useful venue to investigate controls of bacterial metabolism because it offers steep, independent gradients in several key environmental factors, including the amount and nature of organic matter and nutrients.
Comparisons among the OB subsystems allowed us to isolate the key environmental factors influencing the regulation and coupling of BCD and BGE that might otherwise not be apparent in other studies. Bacterial carbon demand and growth efficiency varied greatly among these subsystems and along environmental gradients, yet we were able to identify a positive relationship between these two key aspects of bacterial carbon metabolism. The range and overall mean BGE recorded in our study were remarkably similar to those reported by del Giorgio and Cole (1998) in their survey of over 40 studies representing lakes, rivers, estuaries and the open ocean. Thus, although mean growth efficiencies are generally higher in temperate estuaries, the variability of BGE within this system of tidal creeks appears to be comparable to that of all aquatic systems. Our observations emphasize the importance of organic matter quality in the regulation of both bacterial carbon consumption and of the fate of the carbon consumed (for example, BGE). Although we were not able to determine the specific qualitative aspect of DOM that is involved in the regulation of bacterial carbon metabolism, we did identify long-term DOC lability as a qualitative factor that is positively related to both BCD and BGE. We further established that the nutrient content of DOM may not be as important in regulating BGE as is frequently assumed, at least in the range of moderately to highly enriched systems that we studied. Although models of bacterioplankton metabolism frequently rely on organic matter stoichiometry to explain variations in BGE (Goldman et al., 1987; Touratier et al., 1999) , we found little evidence supporting this as a valid assumption for our systems. This in turn suggests that other qualitative aspects of DOC, such as bioreactivity and energetic content, must play a major role in shaping bacterial carbon metabolism. Further, we have shown that the stoichiometry of carbon vs total nutrient uptake (that is, the availability of both organic and inorganic N and P relative to that of carbon) does not seem to play a major role in regulating BGE in these systems either. Numerous studies have used dissolved C:N ratios as a measure of the quality of DOM available to bacterioplankton (Vallino et al., 1996; Sun et al., 1997; Touratier et al., 1999; Kirchman, 2000; Rodrigues and Williams, 2001 ), yet our study indicates that not only is this a poor predictor of what bacterioplankton actually consume, but that exclusive use of this as a measure of organic matter quality fails to account for other bioenergetically relevant characteristics of quality that also strongly influence BGE.
We conclude that in nutrient-rich systems such as the tidal marshes and creeks of OB and estuaries in general, organic matter quality plays a key role in modulating the effect of DOM nutrient stoichiometry on bacterioplankton carbon metabolism. In this regard, simple stoichiometric models may fail to fully describe the effect of DOM quality on bacterioplankton metabolism, and more complex indices of quality incorporating nutrient uptake and substrate degradability are necessary to more effectively predict the effect of organic matter quality on growth efficiency and carbon consumption.
